[1] This study investigates the solidus and near-solidus phase relations of a Martian model mantle composition over the pressure range of 1-3 GPa and 775-1000°C. The presence of H 2 O has a tremendous effect on the solidus temperature of the Martian mantle, which decreases from 975°C at 1 GPa down to 800°C at 3 GPa. We use the results of this experimental investigation to explore the consequences of a wet accretion scenario for the planet Mars. The presence of H 2 O in accreted materials may profoundly modify the characteristics of planetary differentiation. Serpentine minerals contained in accreted materials are expected to lose most of their H 2 O through a series of dehydration reactions, thereby triggering massive degassing events. The vapor-saturated solidus is expected to be crossed during accretion, as the temperature of the growing planetesimal is increasing. Hydrous melting processes will contribute to early crust formation and the development of the atmosphere and hydrosphere during early Noachian. Early wet melting events during accretion might produce mantle heterogeneities (residual depleted mantle and enriched ''crustal'' component) that could be reprocessed during late volcanism as the sources for SNC meteorites. Experimental phase relations also predict that hydrous silicates can be buried deep into the planet, where H 2 O can be stored in ''nominally anhydrous minerals'' or in the metallic core. It is thus likely that at least some H 2 O has been buried in the Martian interior during accretion, with important consequences on geophysical properties during subsequent planetary evolution.
Introduction
[2] We have investigated the melting behavior of an undegassed Martian mantle composition, in order to explore the potential influence of H 2 O on early differentiation processes. Determination of the hydrous phase diagram of the Martian mantle, together with existing thermal models of planetary accretion, allows us to investigate the fate of H 2 O during planetary accretion. We propose that an early hydrous melting event occurred during the accretion process. This melting event profoundly differentiated the Martian mantle and removed most of the H 2 O from the planet's interior. Experimental data also allow an estimation of the amount of H 2 O that can be stored inside the planet during accretion.
[3] According to simulations of planetary accretion [Chambers, 2004] , the process is divided into three stages: aggregation of dust into planetesimals, oligarchic growth of proto-planets, and giant impacts in the final stage. The size of Mars is almost identical to the typical size of a protoplanet just before the giant impact stage [Lunine et al., 2003] , implying Mars to be the survivor of the oligarchic growth stage, when a number of small proto-planets grow by runaway growth in localized feeding zones. Furthermore, the low-density, high concentration of moderately volatile elements, and preservation of early isotopic heterogeneities on Mars strongly suggest the absence of giant impacts in the planet's history. Mars is thus an important object to study early accretion and differentiation processes that have been obliterated on the Earth by giant impacts and magma ocean processes [Halliday et al., 2001] .
[4] Radiogenic isotope data for Martian meteorites (e.g., evidence for live 146 Sm and 182 Hf in their source [Harper et al., 1995; Lee and Halliday, 1997; Foley et al., 2005] ) all provide evidence that Mars accreted rapidly and at an early stage differentiated into atmosphere, mantle, and core. 142 Nd and 182 W isotope systematics of nakhlites (meteoritic pyroxene-rich cumulates from Mars) even suggest that the processes of accretion, core formation, and at least part of silicate differentiation might have happened at the same time [Kleine et al., 2004; Foley et al., 2005] , within the first $25 Ma of Solar system history. Furthermore, the preservation of 4.5 Ga old isotopic heterogeneities in samples with relatively young crystallization ages shows that the Martian mantle has not experienced wide-scale homogenization processes since that time [Borg et al., 1997; Foley et al., 2005] , and that the geochemical characteristics of Mars were acquired during very early differentiation processes. Thus several lines of evidence suggest that an understanding of the role of H 2 O in early Martian differentiation might lead to a better understanding of the physical and geochemical evolution of the planet.
[5] Models of nebular differentiation show that the concentration of volatile elements in the solar nebula increases with distance from the Sun. It is thus probable that the chondritic mix from which Mars accreted was richer in volatiles than that of the Earth. Evidence from Martian meteorites shows that Mars is less depleted in volatile elements than the other terrestrial planets [Dreibus and Wänke, 1985] . The most volatile element, H, is of particular importance, because of the tremendous effect H 2 O has on melting temperatures [Grove et al., 2006] . Lower melting temperatures allow for earlier melting events during accretion; the presence of H 2 O may thus profoundly modify the timing of differentiation in a growing planet. Carbonaceous chondrites, containing up to 17 wt% H 2 O [Jarosewich, 1990] , can bring fairly large amounts of H 2 O in an accreting planet. Recent evidence from studies of Ceres, the largest of all the asteroids [McCord and Sotin, 2005] , suggests the preservation of large amounts of H 2 O (17 to 27% by mass) in this asteroid. If the assembly of the terrestrial planets occurred through the assembly of objects like Ceres, then initial H 2 O contents might be very high.
[6] The actual H 2 O content of the Martian mantle is unknown and estimates range from 36 ppm [Dreibus and Wänke, 1985] to several hundred ppm [McSween et al., 2001] . Even the lowest estimates do not preclude H 2 O to have been abundant in the accreted material, then degassed during early differentiation of the planet. The evidence from surface geology of recurrent fluvial processes on the surface of the planet [Baker et al., 1991] , extensive alteration of the Martian surface [Haskin et al., 2005] and abundant sulfate deposits [Squyres and Knoll, 2005] indicates that H 2 O was incorporated into Mars and has continued to be involved in its geologic evolution.
Experimental and Analytical Procedures

Starting Composition
[7] Several estimates of the composition of the Martian mantle have been established from cosmochemical models and composition of the SNC meteorites, which are the only accessible samples of Mars. Compared to the Earth's upper mantle (Table 1 ), all models agree that the Martian mantle is enriched in siderophile elements (Cr, Mn, and mostly Fe), Mars being probably more oxidized than the Earth during core formation. The iron enrichment is particularly clear in SNC meteorites and spectral analysis of the Martian surface. We have elected to use the composition determined by Dreibus and Wänke [1984] because it bears the key characteristics of the Martian mantle: high Fe, Cr, Na, and P. Moreover, the phase relations for this composition have already been determined under anhydrous conditions [Bertka and Holloway, 1994; Bertka and Fei, 1997] ; this will allow us to compare dry and wet phase relations and discuss the effect of H 2 O. Finally, Monders et al. [2005] have shown that the source for primitive Martian basalts analyzed at Gusev crater [McSween et al., 2004] is probably close to the Dreibus and Wänke [1984] composition. It is assumed that differences between compositions are minor and will have little influence on phase relations. Similarities between hydrous phase relations of the Earth's [Grove et al., 2006] (Table 1) . These compounds were weighed out and ground automatically for 6 h, under ethanol, using an agate mortar and pestle. The Mg(OH) 2 was synthesized using the methods described by Johnson and Walker [1993] . Using Mg(OH) 2 as a component allows for the addition of a substantial amount ($12 wt%) of H 2 O as a solid. The advantage of using this component is that the material can be loaded into a noble metal capsule and welded shut without losing H 2 O. Estimates of melt proportion and H 2 O solubility indicate that the high amount of H 2 O introduced in the starting material is large enough for H 2 O-saturation over the pressure range of the experimental study.
Experimental Procedures
[9] H 2 O-saturated experiments have been performed using 12.7 mm end loaded solid-medium piston-cylinder Sanloup et al. [1999] . ''Earth'' is an estimate of the terrestrial upper mantle [Hart and Zindler, 1986] .
devices [Boyd and England, 1960] using the hot piston-in technique. The assemblies were prepared by packing $40 mg of powder into a gold capsule, and welding it shut. The sealed capsule was fitted into a high-density Al 2 O 3 sleeve and centered in the hotspot of a straightwalled graphite furnace using MgO-spacers. The pressure medium consisted of sintered BaCO 3 , which has been found to have no friction correction through calibration against the reaction Ca-tschermak pyroxene = anorthite + gehlenite + corundum [Hays, 1966] . Pressures are thought to be accurate to within ±0.05 GPa. The temperature was monitored and controlled using W 97 Re 3 À W 75 Re 25 thermocouples, with no correction for the effect of pressure on thermocouple emf. Temperatures are thought to be accurate to ±10°C. The sample was positioned in the center of the graphite heater near the hot spot, and the thermocouple was positioned above the sample in the cooler upper part of the furnace; a correction of +20°C was added to the thermocouple temperature. This temperature difference has been independently determined using two different techniques: direct measurement with offset thermocouples, and temperature mapping using the kinetics of the MgO + Al 2 O 3 = MgAl 2 O 4 reaction [Watson et al., 2002] . This reaction has also been used to characterize a 10 ± 5°C thermal gradient inside the capsule: the top of the capsule is hottest and the temperature drops by 10°C toward the base. Experiments were first pressurized to 1.0 GPa at room temperature, after which the temperature was raised to 865°C at 100°C/min. The pressure was then increased to the desired run pressure, and the temperature was held constant for 6 min. Finally, the temperature was increased at a rate of 50°C/min to the desired experimental conditions. The experiments were terminated by shutting off the power to the apparatus.
Analytical Conditions
[10] At the end of an experiment, a hole was made in the capsule using a small diameter hand drill. Experiments were considered successful if water bubbled out upon drilling, demonstrating H 2 O saturation. The capsules were then sliced in halves with a diamond-saw, and one half was mounted in epoxy and polished. Pieces from the other half were mounted on an aluminum or glass holder for examination of freshly broken surfaces. Both halves were imaged with the imaging-facility of a four-or five-spectrometer JEOL 733 electron microprobe at the Massachusetts Institute of Technology, using backscattered electron imaging (polished surfaces) and secondary electron imaging (broken pieces). Selected near-solidus experiments were also imaged using a high-resolution JEOL 6320 FEGSEM at the Massachusetts Institute of Technology to check for the presence of glass or quench crystals. Mineral phases were identified by EDS, and several representative experiments were selected for analyses with the JEOL 733 electron microprobe. A 10 nA beam current and 15 kV accelerating potential were used for all analyses. Beam diameter was set to 2 mm. On-line data reduction was accomplished using the CIT-ZAF correction procedure. Analytical precision is estimated from replicate analyses of a basalt glass working standard, and standard deviations are: 1.08% for SiO 2 , 1.26% for Al 2 O 3 , 1.31% for CaO, 1.67% for MgO, 2.4% 
Experimental Results
[11] Experiments have been performed between 1.0 and 3.0 GPa and 775 and 1000°C (Table 2 and Figure 1 ). Run duration varies from 46 hours to 6 days; attainment of equilibrium is enhanced by the presence of free fluid. The shorter run durations have been used for the higher-temperature and lower-pressure experiments: high temperature and low pressure increase equilibration rates, and H 2 O loss by diffusion through the capsule is maximum at high temperature and low pressure.
Anhydrous Phases
[12] Olivine and orthopyroxene (opx) are the dominant phases in all experiments (about 80 wt% of the charges). At low temperature, 3 -10 mm-long opx crystals (±amphibole) are needle-like and form an interlocking microstructure. Nearly equant 3 -10 mm olivine crystals are dispersed within this matrix, often as small agglomerates. With increasing temperature, the crystal size increases and opx crystals aspect ratios decrease. At higher temperature, slightly elongated, up to 50 mm opx and equant 10 -30 mm olivine form an equigranular texture and are surrounded by interstitial melt. Clinopyroxene (cpx) also appears in all experiments, with highly variable proportions, from near 0 to almost 10 wt%, mostly related to the stability of hydrous phases (see section 3.3).
[13] Garnet forms 50 -800 mm poikilitic crystals in experiments at pressures !2.0 GPa and temperatures !800°C. The garnet-in curve on Figure 1 has been redrawn from experimental work on the spinel/garnet transition in terrestrial samples [O'Hara et al., 1971; Koga, 2000] . However, it is in agreement with experimental constraints from this study and Bertka and Holloway [1994] . This confirms the findings by Bertka and Holloway [1994] that the pressure of the garnet/spinel transition is the same in a terrestrial mantle as in a Martian mantle, because the effects of adding FeO and Cr 2 O 3 [O'Neill, 1981] cancel each other. Spinel is a ubiquitous phase, forming aggregates of small euhedral crystals in all the experiments. Low-pressure spinels are iron-rich (Table 3) , whereas high-pressure spinels are enriched in chromium. In terrestrial compositions, spinel disappears at pressures just above the garnet-in curve, leaving only a 0.2 GPa interval for garnet/spinel coexistence [Koga, 2000] . However, the higher chromium content of the Martian mantle (Table 1 ) stabilizes spinel and allows coexistence of garnet and Cr-rich spinel over at least 1.0 GPa.
[14] As a consequence of the high phosphorus content of the estimated Martian mantle, apatite appears as a stable mineral in most of the experiments. It forms amoeboidal 5 -10 mm patches evenly distributed throughout the charges. At pressures of 1.0-2.0 GPa, apatite melts out at the same temperature as amphibole, near 1000°C; apatite stability has not been investigated at higher pressure.
Wet Solidus
[15] Location of the H 2 O-saturated solidus for lherzolitic compositions is still a matter of debate [Grove et al., 2006] . For a bulk composition similar to that of the Earth's mantle, estimates vary between 800 and 1000°C at 2.0 GPa [Kushiro et al., 1968; Green, 1973; Millhollen et al., 1974; Mysen and Boettcher, 1975a; Grove et al., 2006] . For our iron-rich Martian composition, strong textural arguments constrain the solidus near 830°C at 2.0 GPa (Figure 1 ), that is, closer to the estimates of Mysen and Boettcher [1975a] and Grove et al. [2006] . At constant pressure, the lowest temperature experiments are texturally unzoned, with a homogeneous distribution of phases throughout the charge (Figure 2a ). With increasing temperature, the charge is no longer texturally homogeneous, and the porosity increases from the coldest part to the hottest part of the capsule (there is a 10°C thermal gradient in all the experiments, Figure 2b ). We attribute this textural zonation to a thermal compaction effect [Lesher and Walker, Figure 1 . Experimental water-saturated phase relations for a primitive mantle + crust Martian composition. Dry solidus is from Bertka and Holloway [1994] , garnet-in curve is from Koga [2000] , and low-pressure amphibole-out curve is from Lykins and Jenkins [1992] . The shape of the chlorite-out reaction has been modified from Jenkins and Chernosky [1986] and Pawley [2003] .
1988] facilitated by the presence of melt, the small thermal gradient, and the long experimental run times. The lowtemperature reactant phases (amphibole, clinopyroxene, and apatite) tend to segregate to the cooler part of the sample, whereas the high-temperature product phases (olivine + melt) segregate to the hotter part. The phases remain, however, chemically homogeneous throughout the charge. This modal segregation does not occur when only crystals + vapor are present, probably because the low solubility of silicates in vapor does not provide fast enough transport rates for dissolution-recrystallization to occur. The transition from homogeneous charge to textural zonation is well defined in P/T space and is interpreted as the transition between fluid and fluid + silicate melt phase domains, that is, the H 2 O-saturated solidus. The presence of glass (P < 2.0 GPa) or quench products (P ! 2 GPa) has been determined by looking at broken pieces of the experiments with a SEM (Figure 3 ) and correlates well with textural zonation of the charge (Table 2 ).
[16] The H 2 O-saturated solidus of a primitive Martian mantle is about 20°C lower than the H 2 O-saturated solidus of the primitive Earth's mantle as determined by [Grove et al., 2006] (Figure 4 , reaction a). Lower solidus temperatures are probably due to the lower Mg/(Mg + Fe), and the higher Glass compositions are approximate and have been reconstructed in experiments B930, B941, and B957. These runs contain glass patches smaller than the excitation volume of the probe beam. We analyzed these glass patches and their surrounding olivine crystals and then corrected the analysis by subtracting out olivine until the liquid gave a K D Fe/Mg ol/liq = 0.3. This technique gave consistent results from patch to patch, and the result is taken as a fair estimate of melt composition. Owing to the hydrous nature of the melt, Na devolatilized under the beam and has been recalculated by mass balance. P 2 O 5 contents of the melts are 1.12, 1.23, and 1.14 wt% in experiments B941, B957, and B930, respectively. Na 2 O content of the Martian mantle. Compared to dry experiments [Bertka and Holloway, 1994, Figure 1] , the solidus temperature decreases by as much as 600°C at 3 GPa. This huge difference will completely change the evolution of the planet during the early accretion and differentiation stages. Consequences of this result are discussed in detail in section 4. [17] Amphibole is present in every experiment at T 975°C and P 2.0 GPa, as small euhedral crystals up to 10 mm. Large poikilitic crystals (up to 300 mm) have also been observed in one experiment (B941). Except for lower X Mg , amphibole compositions (Table 3) are similar to previous studies on terrestrial compositions [Mysen and Boettcher, 1975b; Niida and Green, 1999; Fumagalli and Poli, 2005] . The high-temperature stability limit of amphibole is constrained to between 975 and 1000°C at P = 1.0-2.0 GPa. In similar experiments on terrestrial compositions, this limit is markedly higher, in the range 1030 -1075°C [Mysen and Boettcher, 1975a; Grove et al., 2006, Figure 4 ]. The lower Mg/(Mg + Fe) of the Martian mantle is indeed expected to decrease the amphibole breakdown temperature, although the higher alkali contents of the Martian mantle may partly compensate this effect, by stabilizing amphibole at higher temperatures [Niida and Green, 1999] .
[18] Progressive evolution of phase proportions at 1.0 GPa (experiments B962, B941, B957, Table 2) suggests that the amphibole breakdown proceeds following a continuous rather than a discontinuous reaction. A similar continuous Figure 2a) is homogeneous, whereas experiment B931 (900°C, Figure 2b) is zoned, the porosity and the olivine concentration increasing from the colder part of the charge to the hotter part. There is a $10°C thermal gradient over the charges. Glass coatings have been found on crystals in experiment B931, whereas experiment B939 does not contain any glass. The wet solidus is constrained to between these two experiments, that is, near 890°C at 1.5 GPa. The white part in the images is the gold capsule. reaction for amphibole breakdown has been observed under H 2 O-undersaturated conditions [Niida and Green, 1999] . Comparison of phase proportions in experiments B962 and B957 gives the following melting reaction:
[19] This reaction is consistent with experimental studies of pargasite + orthopyroxene melting in the CMAS-Na 2 O-H 2 O system [Lykins and Jenkins, 1992] , and with phase relations of H 2 O-bearing ultramafic rocks deduced from experimental studies and natural data .
High-Pressure Amphibole Breakdown
[20] High-pressure amphibole breakdown occurs between 2.0 and 2.5 GPa. Comparison with other studies [Mysen and Boettcher, 1975a; Grove et al., 2006] suggests that the pressure of amphibole breakdown shifts with increasing alkali contents of the bulk rock composition (Figure 4 , reactions b and c), in agreement with similar findings under H 2 O-undersaturated conditions [Niida and Green, 1999] . Experimental results show that the amphibole-breakdown is unrelated to the garnet-spinel transition: it can occur at lower [Grove et al., 2006] , similar [Mysen and Boettcher, No glass or quench material can be seen in grain boundaries throughout the experimental charge. The arrow indicates an area that was probably vapor-filled and might contain some very small spheres quenched from vapor. (b) Quench glass (arrows) on olivine grain boundaries in supersolidus experiment B929 (1.5 GPa/925°C). The melt seems to be preferentially concentrated on olivine/olivine grain boundaries, as a consequence of lower dihedral angles in olivine/ melt system than in pyroxene/melt system [Toramaru and Fujii, 1986] . (c) Quench glass (arrows) on olivine grain boundaries in experiment D152 (3.0 GPa/800°C). 1975a], or higher pressure (this study). The high-pressure amphibole-breakdown reaction is deduced from phase proportions in experiments C291 and C296 at 875°C: 1:0 amphibole þ 0:2 olivine þ 0:02 spinel ¼ 0:3 opx þ 0:3 cpx þ 0:6 garnet AE melt:
[21] This reaction is consistent with Shreinemaker analysis by Schmidt and Poli [1998] . Melt in experiments C291 and C296 did not quench as a glass, so its composition cannot be determined. However, some melt is expected to be produced by the reaction, in order to account for alkalis and H 2 O released by amphibole breakdown.
Thermal Stability of Chlorite
[22] In natural peridotites, chlorites have compositions close to the end-member clinochlore Mg 5 Al 2 Si 3 O 10 (OH) 8 , and the chlorite stability limit in the Earth's mantle coincides with that of pure clinochlore (Figure 4, reaction d) . In a Martian mantle composition, however, this limit is about 40°C lower. The breakdown reaction for pure clinochlore in the presence of orthopyroxene has been shown to change from clinochlore = olivine + opx + spinel + H 2 O to
near 2.0 GPa [Jenkins and Chernosky, 1986; Pawley, 2003] . The chlorite breakdown reaction has been calculated at 3.0 GPa from phase proportion variations between experiments D152 and D154:
1:0 chlorite þ 0:6 cpx ¼ 0:7 garnet þ 0:5 opx þ 0:3 ol AE melt:
The difference between this reaction and the breakdown reaction of pure clinochlore is due to the presence of a grossular component in the garnet, which forms through the reaction:
A reaction similar to reaction (4), which is a combination of reactions (3) and (5) has already been postulated for terrestrial lherzolites [Fumagalli and Poli, 2005] . Phase compositions in experiment D152 (Table 3) show that iron partitions heavily into garnet relative to all other minerals including chlorite. Therefore, as observed, the thermal stability of chlorite is shifted to lower temperatures in the iron-rich Martian mantle compared to the iron-free synthetic system. 6 , and phase E Mg 2.3 Si 1.25 H 2.4 O 6 . These phases are pure ferromagnesian phases, so their stability fields will not depend on the peridotite composition, except for the Mg/(Mg + Fe) of the peridotite. However, reaction (3), which shows a strong partitioning of Fe between the two sides (mostly garnet versus chlorite), moves only by 40°C from pure magnesian system to the iron-enriched composition of the Martian mantle. Stability fields of these hydrous phases as determined in the MgO-SiO 2 -H 2 O system can thus be applied to the iron-enriched composition of the Martian mantle, as a first-order approximation ( Figure 5) .
Estimation of the Amount of H 2 O Bound in Hydrous Minerals
[24] The amount of H 2 O bound in hydrous minerals has been estimated from phase proportions and H 2 O contents in hydrous phases. The general picture ( Figure 5) is that of the existence of a H 2 O-rich P/T field (4-10 wt% H 2 O) at low temperature, a H 2 O-poor field (0.4 -1.2 wt%) at intermediate temperature, a H 2 O-free field at intermediate pressure (>3.5 GPa) and temperature, and a high-temperature domain where H 2 O is dissolved in a silicate melt. Whether the solidus continues at pressure >3.0 GPa or ends in a secondcritical endpoint, is still a matter of debate [Kawamoto and Holloway, 1997; Kessel et al., 2005] . However, the ''fluid'' phase near dehydration reactions is expected to be mostly H 2 O-rich, whereas the ''fluid'' phase at higher temperatures is expected to be a H 2 O-rich silicate melt, whether the transition between both domains is continuous (supercritical melt) or discontinuous (solidus).
Fate of H 2 O During Planetary Accretion
H 2 O in Mars Source Region
[25] The potential sources of H 2 O in the solar system are primary hydrous silicates formed by reaction between the H 2 O-rich nebular gas that becomes the equilibrium gas composition at low-temperature (T < 400 K [Barshay and Lewis, 1976] ), secondary hydrous silicates formed by metamorphism in chondrite parent bodies, and comets, ice-rich extraterrestrial objects that are thought to originate in the outer asteroid belt (outside $2.5 AU) and beyond.
[26] Relative abundances of siderophile elements in the Martian mantle strongly suggest a homogeneous accretion model for Mars, with little or no ''late-veneer'' [Dreibus and Wänke, 1985] . Stochastic models of planetary accretion show that the primitive material from which the planet forms originates from a feeding zone centered on the actual position of the planet that can easily span one or two astronomic units [Chambers, 2004] . If we consider a homogeneous condensation model for the solar nebula [Barshay and Lewis, 1976] , the first hydrous mineral, tremolite, forms between the orbits of Earth and Mars, and serpentine and talc form slightly outside Mars orbit. Combined with a model for the provenance of Mars ''building blocks'' [Wetherill, 1994; Chambers, 2004] , this leads to about 3.5 wt% H 2 O in the accreted material. Evidence for the formation of primary hydrous silicates in carbonaceous chondrites is documented by Krot et al. [1995] and Lauretta et al. [2000] . Several CV3 chondrites contain phyllosilicates (clintonite and margarite) in CAIs that formed by reaction with solar nebular gas at $350 K [Hashimoto and Wood, 1986] .
[27] However, it has been argued that hydrous minerals cannot condense, owing to very slow reaction rates [Fegley, 2000] . These arguments are not consistent with abundant terrestrial evidence for the formation of serpentine minerals from olivine and pyroxene over the temperature range of 290 to 350 K. The low-temperature (313-380 K), off-axis white smoker hydrothermal vents in the Lost City hydrothermal field are precipitating chrysotile and brucite [Kelley et al., 2001; Lowell and Rona, 2002] . Serpentine formation at ocean floor temperatures has been documented in serpentinite muds in the Mariana forearc [Fryer and Mottl, 1992] . Low-temperature alteration (290 K) of peridotite massifs also leads to the precipitation of chrysotile and brucite in surface springs [Peters, 1993; Cipolli et al., 2004] .
[28] Another source of hydrous silicates is from aqueous alteration in asteroidal parent bodies. Models of the alteration process [Young et al., 1999] lead to the formation of serpentine and saponite at temperatures of $350 K. The proportion of such material for constructing the terrestrial planets is unknown, but recent evidence from Hubble Space telescope observations of the largest asteroid (Ceres at 2.8 AU) [McCord and Sotin, 2005] indicate that it contains between 17 to 27% H 2 O by mass. There is an ongoing debate whether hydrous material was available as close to the Sun as 1 AU [Drake and Righter, 2002] , or only beyond 2.5 AU [Lunine et al., 2003] . Some authors have argued that protoplanetary disks are initially enriched in small dust particles, and thus remain opaque and cold until the late stages of planetary accretion [Chiang et al., 2001] , allowing for hydrous silicate formation in the inner solar nebula. On the other hand, hydrous material from beyond 2.5 AU can easily be delivered to Mars and Earth source regions during planetary accretion by gas drag of small bodies in the gasrich primitive nebula [Ciesla and Lauretta, 2005] , or by destabilization of bigger asteroids due to resonances with Jupiter's and Saturn's orbits [Chambers, 2004] . The Dreibus and Wänke [1984] model for Mars implies that about 35% of the accreted mass consisted of oxidized H 2 O-bearing material. If the H 2 O content of this oxidized component was similar to that of carbonaceous chondrites (from 10 to 17 wt% [Jarosewich, 1990] ), the total H 2 O content in the accreted material would be about 3.5 wt%.
[29] Inner planets might thus have accreted from volatilerich source material, with volatile depletion occurring during accretion and differentiation processes. In the following, we consider the implications of an extreme case: what would have happened if Mars accreted ''wet,'' that is, with hydrous phases present in the source region.
Accretion-Driven Early Hydrous Melting
[30] Abundant heat sources (accretion energy, radioactive decay of long and short-lived isotopes, core formation, etc.) insure that the planet would be progressively heated throughout the accretion process. To evaluate the influence of H 2 O on accretion processes, a model of the thermal evolution of the planet is thus required. Unfortunately, a Figure 5 . Estimated water-saturated phase relations of a primitive mantle + crust Martian composition. Lowpressure phase relations are from this study (Figure 1 ) and Ulmer and Trommsdorff [1999] ; high-pressure phase relations are from experiments in the MgO-SiO 2 -H 2 O system [Ulmer and Trommsdorff, 1999; Komabayashi et al., 2004] and on terrestrial compositions [Fumagalli and Poli, 2005] . The hypothetical high-pressure solidus is estimated form this study and from Kawamoto and Holloway [1997] . Circled numbers are estimated total water contents bound in hydrous phases, calculated from phase proportions and water content in hydrous phases. Phase proportions in the amphibole, amphibole + chlorite, and chlorite stability fields are calculated from experiments B962, C291 with chlorite from experiment D152, and D152 without garnet, respectively. We choose not to include garnet in D152 mass balance, because garnet and chlorite are stable over a very limited set of pressure-temperature conditions, and we wanted an estimate of the amount of chlorite likely to be present over the much larger chloriteonly stability field. Phase proportions in antigorite and phase A fields are from Schmidt and Poli [1998] , and phase proportions in 10-Å phase field are from Fumagalli and Poli [2005] . Phase proportions in phase E field are estimated from the reaction: phase A + enstatite + H 2 O = phase E, and phase proportions in the phase A field. comprehensive dynamic model that includes all the physical parameters pertinent to early planetary differentiation is not presently available. However, partial models taking into account one or more of the potential heat sources result in the same shape for the thermal profile of the planet: colder at the surface and in the center, with a temperature maximum closer to the surface than to the center [e.g., Kaula, 1979; Coradini et al., 1983; Abe and Matsui, 1986; Ghosh and McSween, 1998; Senshu et al., 2002] . All the models also show a progressive increase in temperature with time. The following discussion is based on the model by Senshu et al. [2002] , which assumes that heating is exclusively caused by accretion energy and neglects the effect of short-lived isotopes decay, core formation and heat transport by convection. Since the shape of the thermal profiles are similar, using different models will likely result in a qualitatively similar evolution, although different amounts of melting and different amounts of H 2 O stored in the planetary interior would be expected. Accretion energy is likely to be the main heat source, at least at the beginning of differentiation, and the influence of other parameters, not taken into account by Senshu et al. [2002] , will be treated in this discussion as perturbations of the main model. The following discussion is by necessity somewhat qualitative, as the results of dynamic modeling of planetary accretion are extremely dependent upon initial parameters, boundary conditions, and the physical processes chosen to be included.
[31] As accretion proceeds, the temperature of the planet progressively increases; but temperature initially remains in the stability field of hydrous silicate phases ( Figure 6 , shaded regions). Therefore hydrous phases can be buried inside the planet, with no major degassing event until the thermal profile of the planet successively crosses two major dehydration boundaries over the pressure range of 1.5 to 7.5 GPa (Figures 6 and 7 ). Using the model by Senshu et al. [2002] , this would happen when the planet reaches about 70% of its final radius (Figures 6 and 7a) . However, if other heat sources like radioactive heating are taken into account, dehydration may happen earlier in the planet's history.
[32] In the antigorite (serpentine) stability field, the maximum amount of H 2 O that can be stored in the Martian mantle is !4 wt%. The antigorite-out boundary (600 -700°C at 0 -6 GPa, Figure 5 ) corresponds to the destabilization of antigorite to amphibole, chlorite or 10-Å phase. The maximum amount of H 2 O that can be stored in the mantle drops from !4 wt% to 0.6-1.3 wt% ( Figure 5 ). If the accreted material contains more than about 1 wt% H 2 O, a major degassing event will occur at that point. For an extreme initial H 2 O content of 3.5 wt% in the accreted material, the amount of degassed H 2 O would be about 2.5 wt% of the accreted mass. Degassed H 2 O is expected to build a H 2 O-rich primordial atmosphere, which will change the thermal boundary conditions for heat loss from the planet. H 2 O acts as a greenhouse gas, and increases the surface temperature [Abe and Matsui, 1986] . As the atmosphere accumulates and surface temperature increases, it will become more difficult for hydrous phases in the accreting material to retain their H 2 O upon impact and subsequent burial. According to Abe and Matsui [1986] , Figure 6 . Thermal model of Senshu et al. [2002] compared to experimentally derived phase diagram of a wet Martian composition (Figures 1 and 5 ). Different shades of gray represent the amount of water that can be bound in hydrous silicates: dark gray !4 wt%, light gray 0.4-1.3 wt%, white, no stable hydrous phase. The dashed line is the water-saturated solidus, that is, the low-temperature boundary of the melting region. Thin black lines are thermal profiles at different stages of planetary growth, when the planetary radius R was 0.6, 0.7, 0.75, and 0.8 times its final radius Rf. In this model, major dehydration and degassing occur when the planet reached about 70% of its final radius. The effect of radioactive heating and the presence of an insulating atmosphere will likely result in higher temperatures, that is, earlier major degassing and melting. the dehydration temperature for hydrous minerals on the surface of the planet will be reached after accretion of about 0.7 times the final radius of Mars (0.35 times the final radius of the Earth). Furthermore, impact pressure increases with the size of the growing planetesimal, and a critical dehydration pressure is reached after accretion of between 0.4 to 0.8 times the final radius of the planet [Abe and Matsui, 1986] . Material accreted after the planet reaches a size of about 0.7 times its final radius will thus be dehydrated and essentially bring no H 2 O into the mantle. However, hydrous phases will remain stable in the cool, deep interior of the growing planetesimal (Figure 8 ). According to Figure 8 , and using the model by Senshu et al. [2002] , any hydrous minerals accreted up to the point of 0.55 times the final radius of Mars will remain stable as hydrous silicates during the initial stages of accretion. This number is highly dependent on the model used, but the key point is that H 2 O will be preserved in the cold interior of the planet until the end of accretion. Only later, when heating from longlived radioactive isotope decay and core formation begin to modify the accretion-inherited thermal profile, will these hydrous phases dehydrate.
[33] Shortly after the initial degassing event, the thermal profile of the planet crosses a second set of important reactions (Figure 6 ): the chlorite/10-Å phase dehydration curve for pressures of 3.5-7.0 GPa, and the wet melting curve for pressures of 1.5-3.5 GPa. The portion of the planet situated between 350 and 700 km depth (3.5 -7.0 GPa) completely dehydrates (Figures 6 and 7c ), and the 1 wt% H 2 O that was still bound to hydrous phases migrates toward the surface. This second dehydration event is expected to happen even if there was very little H 2 O in the accreted material. The 1.5 -3.5 GPa window is hot enough to allow wet melting to take place, fluxed by the H 2 O coming from greater depth (Figures 7c and 9 ). H 2 Osaturated melts produced near 3.5 GPa would rise buoyantly into the shallower, hotter exterior. As they ascend into the overlying hotter mantle, they would be out of thermal and chemical equilibrium with the surrounding silicate material (Figure 9 ). To re-equilibrate, the melts would be heated by the surroundings and would dissolve solids, decreasing the H 2 O content of the melt as it ascends and reacts with the hotter overlying material. This flux melting is expected to stop when temperatures start decreasing, around 2.5 GPa ($220 km) according to Figure 6 , but probably at far lower pressure (Figure 9 ), because of the higher temperatures in the outer portion of the planet caused by the presence of an atmosphere [Abe and Matsui, 1986] . Ascending melt would continue to react up to near the surface of the growing planet, until the depth of vapor-saturation is reached, when degassing and crystallization would occur. This process is identical to the flux melting process that occurs in modern terrestrial subduction zones [Gaetani and Grove, 2003; Grove et al., 2006] .
[34] If melt is segregated from this shallow wet melting region, the early melting event would result in the formation of lava flows and/or shallow intrusions of andesitic com- (Table 3 ). The portion of the mantle located between 3.5 and 1.5 GPa will become highly refractory, having been stripped of volatiles and incompatible elements. The melting event is thus expected to produce mantle heterogeneities that will later be buried deeper inside the mantle by continuing accretion. Early heterogeneities recorded in the source of SNC meteorites [Foley et al., 2005] might thus have been formed during planetary Figure 9 . Pressure-temperature and temperature-composition diagrams illustrating hydrous flux melting by reactive porous flow through an inverted thermal gradient, redrawn from Grove et al. [2002] . The upper figure illustrates the path taken by a melt produced at the fluid-saturated solidus (P1, T1) as it ascends into shallow, hotter mantle (arrow). This path is determined by the thermal structure of the planet and the ascent trajectory taken by the melt. The grey line is the thermal structure from Senshu et al. [2002] at R/Rf $ 0.75, and the black line with similar shape is a guess of the real thermal structure, including the effect of a blanketing atmosphere [Abe and Matsui, 1986] . The lower figure illustrates the evolution of an initially fluid-saturated melt as it ascends into shallower, hotter mantle and equilibrates at a lower pressure (P2, T2). The melt is too H 2 O-rich under these conditions and dissolves silicates to come into equilibrium with its surroundings. After segregation from the mantle, the melt records only the shallow conditions of final equilibration. Senshu et al. [2002] . The numbers on the curves refer to the time when the material accreted, expressed in fraction of the total radius R/Rf (see Figure 6 ). For example, material accreted when the planet had a radius of 0.6 times its initial radius will follow the path labeled 0.6. The olivine-wadsleyite phase boundary is from Bertka and Fei [1997] . Material accreted before the planet reached 0.55 times its final radius (i.e., about 17% of its final mass) does not dehydrate, and water is transferred into the wadsleyite stability field, where it can be stored in ''nominally anhydrous'' minerals. This value is a higher estimate, since heat sources like radio decay and the effect of an insulating atmosphere are not taken into account.
accretion. This wet melting event will also contribute to a global degassing of the outer portions of the accreting planet. Most rare gases and halogens will be dissolved in the melt produced in the shallow outer shell and then degassed near the surface.
Deep H 2 O Storage Through Early Martian History
[35] Wet accretion of the planet Mars will result in a series of dehydration and melting reactions. Depending on the thermal profile, melt fractions might be enough to produce a partial magma ocean. However, the innermost part of the planet (17% of its mass according to the model by Senshu et al. [2002] ) will remain undegassed during accretion, and contains abundant H 2 O stored in buried hydrous silicates (0.4 wt%). This is a feature of all thermal models of planetary evolution that the inside of the planet is only heated in the latest stages of accretion, during formation of the core, and radioactive heating from long-lived isotopes. These two events control the postaccretion thermal evolution of Mars, and the distribution of H 2 O in the planet's interior. Eventually, they will heat up the undegassed part of the planet; hydrous phases will become unstable and transform to ''nominally anhydrous minerals.'' Maximum H 2 O content of the internal layer is then controlled by the solubility of H 2 O in deep mantle ''nominally anhydrous'' phases, that is, around 2 wt% for wadsleyite and ringwoodite [Bolfan-Casanova, 2005 ], which will become the stable silicate phases for depth >1100 km [Bertka and Fei, 1997] in the proto-Martian mantle. Using the model by Senshu et al. [2002] , the maximum amount of H 2 O that may be stored inside the planet after this last dehydration event can be calculated to be about 0.4 wt% (2 wt% stored in nominally anhydrous phases in the 17 wt% interior part of the planet). This is a maximum estimate, since the model by Senshu et al. [2002] neglects heat sources that would contribute to a hotter planet, facilitating dehydration reactions. Degassing of this deep reservoir could trigger more fluxed melting of the external parts of the planet. This late flux melting would be expected to lead to a proto-crust of basaltic andesite similar to that found in terrestrial subduction zone settings.
[36] During core formation, the silicates in the deep interior will be displaced by the segregation of metallic alloy. Experimental studies have demonstrated significant solubility of H in Fe [Okuchi, 1997] , and depending on the temperature-time history of metal segregation H may be sequestered in the Martian metallic core as well as stored in wadsleyite in the mantle. Another reservoir for H 2 O would thus be as dissolved H in the metallic core.
[37] A magma ocean might have been present during the early history of Mars [Elkins-Tanton et al., 2003] . According to thermal models of planetary evolution, generation of a magma ocean is only possible at the end of accretion, when accretion-induced heating is maximum [Senshu et al., 2002] , or after accretion, as a consequence of radioactive heating [Hauck and Phillips, 2002] . Consequences of a late magma ocean would be homogenization of the early produced mantle heterogeneities and redistribution of accreted H 2 O. However, mantle heterogeneities formed during accretion and H 2 O could still be preserved in the deeper portions of the mantle that would not be affected by the presence of a magma ocean. New heterogeneities might also be produced during crystallization of the magma ocean [Elkins-Tanton et al., 2003] .
Conclusions
[38] Experimental investigation of a wet accretion scenario for the planet Mars shows that H 2 O will mostly be degassed during accretion, triggering massive hydrous melting events. Sizeable amounts of H 2 O (up to 0.4 wt% of the bulk planet) may be stored in the deepest parts of the planet.
[39] H 2 O is stored in hydrous silicate minerals accreted and buried deep in the Martian interior during accretion. This H 2 O is released as the interior temperature increases and becomes high enough for dehydration reactions to take place. Massive degassing and flux-melting events are thus likely to happen during this early stage of accretion. Early formed mantle heterogeneities (residual depleted mantle and enriched andesitic protocrust) that are required to explain the origin of Martian meteorites [Foley et al., 2005] might have been formed during these early wet accretion events.
[40] A maximum of 0.4 wt% H 2 O can be stored inside the planet, regardless of the amount provided during accretion. This H 2 O is brought to the deeper parts of the planet at the beginning of accretion by hydrous silicates, and then stored in wadsleyite and ringwoodite, which are expected to be stable below 1100 km [Bertka and Fei, 1997] . After accretion ended, core formation and an early magma ocean phase could lead to redistribution of H into the metallic core and the mantle. Redistribution of deep H 2 O will decrease the viscosity of the mantle, greatly improving the efficiency of early convection, in agreement with the absence of largescale magma production in the later stages of Mars history [Solomon et al., 2005] .
